Abstract-Artificial limbs allow amputees to manipulate objects, but the loss of a limb severs the sensory link between a subject and objects they touch. A novel surgical technique we term targeted reinnervation (TR) allows severed cutaneous nerves to reinnervate skin on a different portion of the body. This technique provides a physiologically appropriate portal to the sensory pathways of the missing limb through the reinnervated skin. This study quantified the ability of three amputee subjects who had undergone TR surgery on the chest (two subjects) and upper arm (one subject) to discriminate changes in graded force on their reinnervated skin over a range of 1-4 N using a stochastic staircase approach. These values were compared to those from sites on their intact contralateral skin and index fingers, and from the chests and index fingers of a control population ( = 10). Weber's ratio (WR) was used to examine the subjects' abilities to discriminate between a baseline force and subsequent forces of different magnitudes. WRs of 0.22, 0.25, and 0.12 were measured on the reinnervated skin of the three TR subjects, whereas WRs of 0.25, 0.23, and 0.12 were measured on their contralateral skin. TR subjects did not have substantially different WRs on their reinnervated versus their contralateral normal side and did not appear to exhibit a trend towards impaired sensation. No significant difference was found between the WR of the chest and index finger of the control subjects, which ranged between 0.09 and 0.21. WR of reinnervated skin for TR subjects were within the 95% confidence interval of the control group. These data suggest that subjects with targeted reinnervation have unimpaired ability to discriminate gradations in force. A MPUTATION results in a loss of control to the missing limb, manipulation of the environment through the missing limb, and sensation from the missing limb. A recently developed surgical technique addresses these latter two losses by redirecting nerves previously innervating the amputated limb to new muscle and skin sites proximal to the amputation site. We term this surgical approach targeted reinnervation (TR) [1]- [4] . After residual nerves are transferred, the motor efferents reinnervate the denervated target muscles. The reinnervated muscles function as biological amplifiers for the limb nerve signals and provide new myoelectric control sites corresponding to lost movements of the amputated limb [5] . These physiologically appropriate myoelectric control sites allow the amputee to intuitively control a multifunction robotic limb by simply attempting the appropriate movements. In addition to the motor reinnervation, the sensory afferents of the peripheral nerves often reinnervate denervated skin overlying the nerve transfer sites. This sensory reinnervation creates a somatosensory expression of the missing limb on the reinnervated skin of the amputee [1]- [4] . When these individuals are touched on different parts of their reinnervated skin, they interpret the sensation as occurring on their missing hand and limb.
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A MPUTATION results in a loss of control to the missing limb, manipulation of the environment through the missing limb, and sensation from the missing limb. A recently developed surgical technique addresses these latter two losses by redirecting nerves previously innervating the amputated limb to new muscle and skin sites proximal to the amputation site. We term this surgical approach targeted reinnervation (TR) [1] - [4] . After residual nerves are transferred, the motor efferents reinnervate the denervated target muscles. The reinnervated muscles function as biological amplifiers for the limb nerve signals and provide new myoelectric control sites corresponding to lost movements of the amputated limb [5] . These physiologically appropriate myoelectric control sites allow the amputee to intuitively control a multifunction robotic limb by simply attempting the appropriate movements. In addition to the motor reinnervation, the sensory afferents of the peripheral nerves often reinnervate denervated skin overlying the nerve transfer sites. This sensory reinnervation creates a somatosensory expression of the missing limb on the reinnervated skin of the amputee [1] - [4] . When these individuals are touched on different parts of their reinnervated skin, they interpret the sensation as occurring on their missing hand and limb.
This study sought to quantify the reinnervated sensation of these subjects, specifically, their abilities to distinguish changes in force levels, using psychophysics. Although the human body constantly interacts with a variety of physical stimuli, only a few are detected by sensory receptors, and even fewer are perceived due to physical thresholds and cortical representation. Sensory psychophysics studies the relationship between these physical stimuli and the resulting perception, and proceeds from the foundation that all sensory systems convey four types of information for any given stimulation: modality, location, intensity, and timing [6] . For TR subjects, the modality (touch, temperature, etc.) and timing are presumably the same, but the set of sensory receptors activated by the stimulus are different, not only in quantity but potentially also in quality, since nerves once innervating glabrous skin now innervate hairy skin. Given the fact that the location has changed, the question arises as to how the perceived intensity has changed, if at all, both with respect to the previous sensory receptors and the cortical processing that created a meaningful representation of the activated receptors. Towards this end, perceived intensity on reinnervated skin must be compared both with glabrous skin on the hand and with nonreinnervated hairy skin. Weber's ratio (WR) models the relationship between the physical magnitude of a stimulus and the perceived intensity of the stimulus as a linear relationship be-tween the baseline stimuli and the difference limen of that baseline [7] , [8] . Some studies report WR [7] whereas others only report difference limen [8] .
Characterizing the sensation ability of reinnervated skin may inform future attempts to provide sensory feedback to prosthesis users. Due to the limited dexterity of commercially available prostheses in the near future, previous studies attempting to restore sensation have almost exclusively focused on representing grip force [9] - [12] . This study similarly chose force as the stimulus modality. Perception of force intensity may be somewhat different from other stimuli, in that whereas other stimuli such as two-point discrimination and point localization are more sensitive on glabrous skin than on the trunk [13] , pressure thresholds for glabrous skin are not appreciably different from hairy skin [13] , [14] . No previous literature has explored the extension of this finding to force difference limens. Thus, the goal of this study was to evaluate the force difference limens in TR subjects, and if it was found that force difference limens differed between glabrous skin and hairy skin, to determine whether the resulting values corresponded better to the glabrous skin due to cortex representation or to hairy skin due to the sensory receptors.
I. MATERIALS AND METHODS
This study examined three amputee subjects (SD1, SD2, and TH3) who had undergone the TR surgery and developed sensory reinnervation. Ten able-bodied subjects were also tested. All procedures were performed with informed consent and approved by the Northwestern University Institutional Review Board.
A. General Protocol
Force stimuli were applied to the testing sites on the subjects with a Kinea Designs (Evanston, IL) haptic tactor system. This device applies force to the skin through a rounded 10-mm-diameter acrylic plunger head. The tactor maintains constant contact with the skin and constant force by tracking the applied force within a workspace of 12 mm. The tactor can achieve 8.8 N maximum force, with a resolution 0.004 N. The tactor device was designed expressly to provide a tactile interface for a prosthetic limb. The force and position of the stimulator were controlled by a Matlab (Mathworks, Natick, MA) Simulink file and interfaced with the tactor through a data acquisition card (Measurement Computing PCI-DAS 1602/16). Audible noise produced by the stimulator was negligible. The tactor was mounted on a micromanipulator (Narishige MM-3) that was attached to an adjustable armature (Leica Microsystems, Bannockburn, IL). The tactor was positioned normal to the skin surface when applying force stimuli. To prevent distraction during testing, subjects wore noise cancellation headphones (Bose QuietComfort 2). Audio cues for testing were played through the headphones when force was applied.
Testing locations were shaved when necessary. All subjects were seated in an adjustable chair. When points on the chest were tested, subjects rested with their arms at their sides. When the index finger was tested, the hand was pronated 90 and rested against a gel mold. The index fingernail was affixed to a metal dome with cyanoacrylate adhesive. When the upper arm was tested, the subject's arm was extended and placed on a rest that was parallel to the floor.
A two-alternative forced-choice paradigm was used to measure the subjects' abilities to discriminate small differences in force. Force stimuli were presented in pairs consisting of the standard (S) force and a modified (M) force (either higher or lower than the standard), as shown in Fig. 1 . Subjects were required to state which of the two forces they believed was larger. The order in which the S and M stimuli were presented (SM or MS) was randomized for each pair. As opposed to alternative testing strategies, which present the standard stimulus first for every trial, this procedure (referred to as the SM/MS procedure) ensures a consistent choice paradigm by eliminating the potential for the subject to acquire a memory of the standard force over time [15] .
The force ramped up and down from the resting force to the stimulus force in 0.2 s. Stimuli lasted 1 s each, with a 1-s interval between stimuli and a 3-s interval between trials. A resting force of 0.1 N was applied between stimuli to retain contact of the stimulator with the skin. Baseline forces of 1 N, 2.5 N, and 4 N were used, unless otherwise noted. A limit of 4 N was chosen because in preliminary testing subjects experienced discomfort for repeated application of higher forces, given the size of the stimulator head.
A weighted up-down stochastic approximation staircase technique [16] was used to evaluate the force difference limen (threshold). This technique generates a force difference based on the following equation: (1) where is the next force difference, is the force difference just evaluated, and is the initial difference. To provide rapid convergence, was set to [16] , where is defined as the difference in force between the 51% and 99% detection level [17] . was set to 0.36 N per N of baseline force and was set to 0.6 N per N of baseline force based on pilot data gathered previously.
was the number of reversals, was set to 0.75 to find the force difference at which the subject chose the correct stimuli 75% of the time, and equaled 0 for an incorrect response and 1 for a correct response. The stochastic approximation effect of prevented step size selection from influencing the actual targeted probability [16] , [17] .
Two staircases were interwoven for testing. In the first staircase, the modified force was larger than the baseline force. In the second staircase, the modified force was lower than the baseline force. The experiment was terminated after both staircases contained at least 25 reversals [18] , [19] . The force difference limens from the upper and lower staircases following 25 reversals were averaged to obtain the difference limen for that baseline force. WR was calculated for each baseline force as the ratio of the average force difference limens to the baseline force.
Using a staircase above the standard and a staircase below the standard prevented the average force difference limen from being biased due to an average presentation force higher or lower than the baseline force. In addition, simultaneously presenting alternating trials from each staircase preserved the SM/MS effect by preventing the subject from acquiring a memory that the baseline force was always the same magnitude: an effect which can change the optimum choice paradigm and affect the resulting force difference limen [15] .
In an effort to model effects of experimental design choice on the results of the study, the staircase testing paradigm was simulated using a sigmoidal function to represent the subject's ability to discriminate force. This model provided the estimated population standard deviation, which in turn allowed the authors to model the smallest detectable difference that would be expected for a given sample size. The simulation also allowed for inclusion of force attenuation between the two samples of a trial, which was not found to bias the convergence value.
Experimental sessions typically lasted 30 min. Only one session was performed per day, except for which subject SD2, where time constraints dictated two sessions per day. Completion of all testing trials typically took one to two weeks. Baseline force was randomized, and testing sites were randomized for each baseline force.
B. Able-Bodied Subjects
Ten able-bodied subjects (mean age years) including five males and five females with no known sensory deficits performed this test for a single 1 N baseline on the right index finger and chest. WR was calculated for this baseline force. The chest testing location was standardized by establishing the point midway between the acromion and sternoclavicular joint. The testing point was placed directly inferior to the midpoint at a distance that was equal to the midway distance. These data were analyzed independently for both locations using a linear regression model that included age, gender, compliance of the soft tissue, and all interaction terms.
C. TR Subjects
TR amputee subjects were independently evaluated over three baseline forces at each testing point. WR was calculated for each baseline force, and the average WR was calculated across the three baseline forces. For each TR subject, a two-way univariate ANOVA was performed with one factor (location) and one covariate (baseline force). A statistically significant interaction term between the location and baseline force signifies a different value of WR between locations. WR for chest values of the TR population were compared to the able-bodied population using an independent sample -test, with no assumption of equal variance given the unequal population sizes.
1) Subject SD1: The TR surgery involves transferring the large severed peripheral nerves that once served the limb to denervated target muscles proximal to the amputation site. Subject SD1, a 55-year-old male bilateral shoulder disarticulation amputee, had four of these nerve-to-muscle transfers on his left side. The musculocutaneous, median, radial, and ulnar nerves were redirected to the clavicular head of the pectoralis (p.) major, the upper sternal head of the p. major, the lower sternal head of the p. major and the p. minor. The p. minor was moved lateral to the p. major [2] .
This experiment was conducted five and a half years after SD1's TR surgery. He was tested on both his reinnervated and contralateral chest [ Fig. 2(a) ]. SD1's reinnervated skin testing site was placed at a location that elicited sensations referred to the back of the hand when touched. This region did not contain any native chest sensation [1] . His contralateral normal testing point was situated lower on the right chest than on the reinnervated side, over an area devoid of scar tissue. This location also previously showed normal physiologic response to vibratory input [20] .
2) Subject SD2: Subject SD2, a 25-year-old female left unilateral short transhumeral (functional shoulder disarticulation) amputee, had four nerve-to-muscle transfers. The ulnar and musculocutaneous nerves were redirected to the medial and lateral halves of the clavicular head of the p. major. The median nerve was split and each end was redirected to the upper and lower portions of the sternal head of the p. major. The radial nerve was transferred to the long thoracic nerve to reinnervate the distal slips of the serratus anterior. Two sensory nerve transfers were also performed to provide additional conduits for reinnervation to the skin surface. The supraclavicular cutaneous nerve was cut-denervating the surface of the chest inferior to the clavicle-and sewn end-to-side to the ulnar nerve. The intercostobrachial nerve was sewn end-to-side to the median nerve [3] .
Subject SD2 was tested two and a half years after her TR surgery on her reinnervated chest skin and on her normal contralateral chest, just inferior to the clavicle [ Fig. 3(a) ]. The reinnervated testing site was situated where she felt only sensations projected to the index finger, thumb, and outer edge of the palm of her missing hand [ Fig. 3(a) ]. No native chest sensation was present at this location [1] . Subject SD2 was also tested on her right index finger. Due to time constraints, subject SD2 was sometimes required to perform two trials on the same day: one 30-min trial in the morning and another trial following her 1-h-long lunch break.
3) Subject TH3: Subject TH3, a 39-year-old female left trans-humeral amputee, underwent two nerve-muscle transfers. The distal radial and median nerves were redirected to the lateral head of the triceps and medial head of the biceps. The distal end of the residual limb was also purposely denervated.
Subject TH3 was tested one year following her TR surgery. Testing points included the medial aspect of her reinnervated upper arm and a location mirroring the position on her contralateral normal upper arm [ Fig. 4(a)] . Subject TH3 was also tested on her right index finger. TH3's reinnervated testing site was situated where she only felt sensations projected to the palm and palmar aspect of her lateral three fingers. No native arm sensation was evident at this location.
The choice of baseline forces for subject TH3 (0.75 N-1 N) differed from the substantially larger range of forces for the other subjects (1 N-4 N) because the testing location on her arm was situated in an area where there was a large amount of compliant tissue. The 12 mm range of the tactor could not displace enough tissue to obtain higher baseline forces.
II. RESULTS

A. Control Subjects
WRs for the fingertip ranged from 0.09-0.19, with a mean value of (Table I) . WRs for the chest ranged from 0.11-0.20, with one value of 0.37 identified as a statistical outlier using Grubbs' test [21] that was not included in analyses, and a mean value of . No variables were significant for the index finger or the chest . Importantly, we found no significant difference or trend between the chest and index finger using a repeated measures t-test. Neither WRs for the reinnervated skin nor the contralateral chest skin for the TR population was statistically significant from the WRs of the control population .
B. SD1
Subject SD1's staircases for each trial were stable as they converged, and there was consistency between the upper and lower staircases, save for the 2.5 N baseline testing session on the normal chest. Subject SD1 demonstrated linearity in baseline force versus average 75% force difference limen on both sides of his chest [ Fig. 2(b) ]. The WR at the 2.5 N baseline for the normal chest was slightly higher than at the other baselines. This small deviation was likely because of the inconsistent upper staircase for this session. The reinnervated chest had a consistently lower WR than the contralateral normal chest . WRs for the reinnervated site were within the 95% confidence interval for control subjects, but WRs for the contralateral normal side were outside the 95% confidence interval.
C. SD2
Subject SD2 exhibited less stability and consistency in her staircases than other subjects did. WRs for the reinnervated chest , contralateral normal chest , and normal index finger were similar. There was a trend of better sensitivity for her index finger than for either side of her chest for the two lower force levels [ Fig. 3(b) ]. In contrast, her chest appeared to be more sensitive than her index finger did at the higher force level. In comparison to the able-bodied population, the WRs for both sides of subject SD2's chest fell within the control subject 95% confidence range for the chest; however, her WR for the index finger was outside the control subject 95% confidence range for the index finger.
D. TH3
Most of the TH3's staircases from testing trials were stable and consistent. There was a general trend of improved sensitivity in WR on the index finger compared to the arm sites [ on reinnervated skin, on contralateral skin, Fig. 4(b) ]. WRs for all three of subject TH3's sites fell within the control group's 95% confidence intervals.
III. DISCUSSION
This study demonstrated that persons with targeted reinnervation could discriminate between gradations in force. When the chest or arm skin that had been reinnervated with hand afferents was touched, they could accurately perceive changes in force. Despite small variations across baseline force, all of the TR subjects demonstrated near-normal WR. The WR values for reinnervated skin were always within the control group 95% confidence interval and closely matched to contralateral skin, although WR values for SD1's contralateral chest and SD2's index finger fell outside the control group 95% confidence interval. There was no trend towards impaired WR on their reinnervated skin, suggesting that their reinnervated skin had retained high fidelity force discrimination.
The calculated WR typically provided a good estimate of the relative force difference limen within the range of tested forces.
The WR values for SD1 appear to provide a good description of his perception due to their strong linearity and zero offset, and values for TH3 were likewise stable. SD2 did not have as stable and consistent staircases or linear WRs. Several issues may have contributed to this result. SD2 was often tested twice in one day and she appeared to be less alert during the experimental sessions than other subjects, which may have contributed to the higher variance of her results. The decreased force difference limen found at high baseline forces for both sides of her chest locations may possibly be explained by the proximity of the stimulus location to the clavicle. The harder the tactor pushed, the less compliant the tissue became from being sandwiched between the tactor and the tissue supporting the clavicle.
A necessary limitation of this study was the use of controlled force instead of controlled indentation. Although studies focusing on manipulation typically use controlled force [7] , [8] , [22] , studies on cutaneous mechanoreceptive afferents typically use controlled indentation rates [23] - [25] , due to the nonlinear relationship between force and depth [26] , [27] . Perceived intensity may correlate better with controlled indentation rates than with controlled force, but only when indentation is the controlled variable [23] . Although using controlled indentation would have provided a more robust experimental protocol for this study than controlled force did, it would have been difficult to implement in the laboratory, and almost impossible to implement in a clinical feedback system, due to the necessity of tracking chest motion as subjects breathed. In the presence of breathing, determining indentation rate becomes a significantly more difficult challenge, whereas force tracking is still feasible as long as a high fidelity, low impedance stimulator is used.
This observation still does not explain why SD2 had lower WR for higher stiffness (4 N baseline) than she did for lower stiffness (1 N baseline), but it may provide evidence for why both force perception thresholds and force discrimination limen of the chest were similar to the index finger. Mechanoreceptors are stimulated by strain [28] , which is caused either by indentation or force. In order to examine the interaction between indentation and force as they pertain to perceived intensity, we turn to an elasticity solution derived by Hayes [26] , [29] that models indentation on a thin elastic layer bonded to a rigid foundation by a rigid frictionless cylindrical plane-ended indenter. This solution suggests that strain is proportional to depth of indentation, regardless of force, and that for a given force, tissue with higher stiffness will produce less strain, and by implication, a less intense stimulation. Thus, from a mechanical viewpoint we would expect a constant force to evoke a more intense stimulation in the lower-stiffness chest than in the higher-stiffness index finger. It is conceivable that this mechanical advantage in the chest, coupled with the disadvantage of a fewer number of mechanoreceptors, results in similar intensity of perception for both monofilament pressure thresholds and graded force discrimination.
This protocol maintained a constant ramp time to apply each force, which in a compliant environment resulted in different ramp velocities. It is possible that subjects used the difference in indentation velocity, rather than the difference in the constant force, to determine the intensity of the stimulus. For example, SA-I Merkel Cell receptors, which are routinely found in reinnervated skin [30] , [31] code both static pressure intensity following reinnervation [32] and velocity of indentation.
The results obtained by this study for the normal index finger were consistent with a recent study [7] , which found an average WR for graded force discrimination of 0.12 on the index finger. There appears to be no literature reporting force difference limens for graded force discrimination on normal chest or other non-glabrous skin. Data on our able-bodied subjects indicates that glabrous index finger skin and hairy chest skin have similar WRs and thus are able to detect similar relative changes in graded force. Although sensory stimuli such as two-point discrimination and point localization are more sensitive on the fingertip than on the chest [13] , monofilament pressure thresholds for the fingertip, thenar eminence, forearm, upper arm, and chest, however, are not appreciably different from each other [13] , [14] . This paper suggests that there is no appreciable difference in force discrimination either. This trend is important because it suggests that when TR is used to provide sensory feedback for prosthetic hands, the target tissue environment will likely not adversely affect the ability of the individual to sense gradations in force.
The goal of this study was to investigate the ability of targeted reinnervation subjects to perceive differences in graded force applied to reinnervated skin. Although the sample size was small-by virtue of there being only a few individuals who have undergone the TR surgery-there appeared to be no outward trend towards functional deficit of the reinnervated skin versus the normal contralateral skin of the TR subjects. These results suggest that reinnervated sites were as sensitive to changes in force as contralateral normal sites and the intact index finger. Although TR subjects were tested on the skin of the chest or upper arm, they felt as if they were being touched on their missing hand. This perception of touch is different from the phantom sensations reported by one of the subjects and described in detail by other investigators (for review see [33] ). The new reinnervated hand sensation may provide a direct portal from the skin to the sensory pathways that once served the missing limb. The reinnervated skin responds to a variety of stimuli, including temperature and pain. Moreover, sharp/dull discrimination is also intact [3] .
Several commercial stimulators are being developed to provide normal and tangential force feedback, as well as vibration feedback, for subjects with TR. This feedback may improve the ability of amputees to control advanced prostheses in the future, as they may be able to use physiologically appropriate feedback to aid in task completion, rather than relying solely on visual feedback to complete all tasks or using autonomous grip adjustment by the prosthesis [34] - [36] . Although the ability to sense graded pressure may play an important role in such feedback systems [10] , [11] , perception of tangential force discrimination [8] and scaling between normal and tangential forces [8] , [37] - [39] are required for the manipulation of small objects. Future studies must investigate these areas as they pertain to targeted reinnervation before any concrete statements may be made regarding the ability of these subjects to intuitively manipulate objects in space.
